Cell-containing hydrogel modules as cell-hydrogel microunits for creating a physiologically relevant 3D in vivo-like microenvironment with multiple cell types and unique extracellular matrix (ECM) compositions facilitate long-term cell maintenance and bioassays. To date, there have been many important advances in microfluidic bioassays, which incorporate hydrogel scaffolds into surface-accessible microchambers, driven by the strong demand for the application of spatiotemporally defined biochemical stimuli to construct in vivo-like conditions and perform real-time imaging of cell-matrix interactions. In keeping with the trend of fostering collaborations among biologists, clinicians, and microfluidic engineers, it is essential to create a simpler approach for coupling cell-containing hydrogel modules and an automated bioassay platform in a user-friendly format. In this article, we review recent progress in hydrogel-incorporated microfluidics for long-term cell maintenance and discuss some of the simpler and user-friendly 3D bioassay techniques combined with cell-containing hydrogel modules that can be applied to mutually beneficial collaborations with non-engineers. We anticipate that this modular and user-friendly format interfaced with existing laboratory infrastructure will help address several clinical questions in ways that extend well beyond the current 2D cell-culture systems.
Introduction
Because the cellular function in the body is essentially the basic criterion for discriminating patient status and subclassifications of disease states, the ability to monitor cellular functions via cell-based assays can facilitate disease screening and personalized/tailored therapies. Currently, the field of cell-based assays has three major motivations in both academic research and the pharmaceutical industry: (i) more accurate assessment, based on improved cellular function and morphology, 1 (ii) cell-based toxicity screening for in vitro studies to replace complex in vivo models, 2 and (iii) cost reduction in late-stage drug failures to commercialize drugs efficiently. 3 To date, cell-based assays have been generally carried out using 'traditional' well-plate-based 2D monolayer cultures; however, only different cellular functions are shown distinctively compared with their native environment in vivo due to the morphologically disparate cell phenotypes. In contrast to 2D cell cultures, 3D cell cultures have shown great importance in terms of culture conditions, such as the diffusion-limited transport of nutrients and oxygen, regulation of molecular gradients in concentration of metabolites, and maintenance of microenvironments for co-culture and long-term maintenance of cells. 4, 5 In particular, the mass transport of nutrients and metabolites in 3D cell cultures plays a critical role in cell proliferation and is allowed to occur in the long-term maintenance of isolated cell lines over weeks-to-months rather than around 24 h in 2D culture. 6, 7 Additionally, cell cultures in tissue-like 3D conditions better mimic in vivo-like culturing conditions, incorporating native extracellular matrix (ECM) structures, to better replicate the drug sensitivity trends of cancer cells in vivo. 8 To close this technological gap, the evolution of comprehensive microfluidic solutions offers the promise of systematic establishment of a 3D microenvironment in highthroughput systems, based on several advantages, including precise fluid handling, low reagent consumption, and potentially massive parallelization of experiments. 9 For example, the design of cellular microenvironments by continuously controlling both nutrients and metabolites has been implemented using microfluidic components (e.g., mixers, valves, and gradient generators) to accelerate the realization of microfluidic perfusion cultures. 10 However, these state-of-the-art microfluidic perfusion culture systems are not appropriate for long-term maintenance of cells due to the material inconsistency of polyĲdimethylsiloxane) (PDMS), medium evaporation, cell loss due to high shear stress, and lack of ECM proteins.
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To overcome these challenges, various strategies have been developed with the aim of building cell-containing hydrogel "modules" as cell-hydrogel microunits encapsulating heterotypic cell types and unique ECM compositions to create a more physiologically relevant 3D microenvironment. 12 In addition, much effort has been focused on the development of hydrogel-incorporating microfluidic cell culture assays, which allow integrative analyses of cellular interactions with ECM scaffolds in stable molecular concentration gradients, 13 in situ monitoring of cellular morphogenesis within a well-controlled 3D microenvironment, 14 and further understanding of how co-cultured cells affect each other's function after long-term maintenance. 15 However, despite these advantages, the major challenges related to 3D biofunctional assays based on the 3D microstructure of cell-containing hydrogel modules remain. Few of these microfluidic approaches have been adopted in 3D bioassays for the following reasons: (i) although various 3D cell culture techniques have been developed, conventional optical detection strategies still depend on 2D endpoint detection. That is, few analytical methods adequately capture the full complexity of, and measure cell activities within, the 3D microstructure of cell-hydrogel units. (ii) Microfluidic devices require a continuous flow to generate precise shear profiles, and thus external pumps and sophisticated fluid handling systems are needed. (iii) It is difficult to recover the encapsulated cells, when necessary, from the microdevice for transfer to the macroworld for further post-assay processing.
Thus, in order to lower the barrier to entry for biologists and clinicians and promote wider adoption of microfluidics in biological laboratories, it is crucial to establish a simpler approach for the coupling of cell-containing hydrogel modules and an automated bioassay platform in a user-friendly format. From this perspective, we provide an overview of progress over the past decade with a focus on recent progress in the development and application of hydrogel-incorporated 3D cell culture and microfluidic bioassays. Fig. 1 shows a schematic overview of a conventional 2D cell monoculture, a hydrogel-incorporated 3D cell culture, and a 3D culture with cell-containing hydrogel modules that can be enhanced using microfluidics. We discuss various case studies to focus on barriers to the adoption of microfluidic technologies in 3D bioassays that aim to replace traditional macroscale assays in biological and clinical research. Finally, we discuss positive future directions of simpler 3D bioassay techniques in a userfriendly format that can be applied to mutually beneficial collaborations with clinicians.
Cell-containing hydrogel modules for 3D cell culture Hydrogels are a promising class of soft materials that exhibit intrinsic diffusion permeability to nutrients, metabolites, and , and 3D culture with cellcontaining hydrogel modules that can be enhanced by using microfluidics (C). Traditionally, cells are cultured in a Petri dish on the macroscale, and convective transport of culture medium is dominant. Microfluidic cell culture allows control of fluid flow on the micrometer-scale based on diffusion transport and creates more in vivo-like environments. Unlike 2D cultures, cell maintenance in 3D with ECM scaffolds in a stable molecular concentration gradient of metabolites has shown great potential for maintenance of microenvironments for cell co-culture and long-term culture. Cell-containing hydrogel "modules" serve as cell-hydrogel microunits to create a physiologically relevant 3D microenvironment with heterotypic cell types and unique ECM compositions, and cells can be entrapped in a flexible gel matrix that is both deformable and degradable by the cells. For example, stacking of cell-containing biopapers facilitates generation of gradients of metabolites, which is impossible in conventional 3D cultures.
oxygen, and can be tailored to resemble native ECMs mechanically. 16 Ling et al. first fabricated cell-hydrogel scaffolds that facilitate the exchange of nutrients and waste products without concern for diffusion depth in the bulk hydrogel by using standard soft lithographic techniques. 17 Since then, numerous specialized engineering tools and techniques have been introduced to fabricate hydrogelbased cellular modules, such as cellular microfibers, microcapsules, and sheets as culture units (Fig. 2 ). For example, several studies have reported the guidance of various types of cells in natural-ECM-encapsulated thin and long fibers. In a recent study, Kang et al. sought to create microfibers with tunable, morphological, structural, and chemical features using a programmable flow control system, allowing the generation of 3D structures with controlled cellular organization. 18 Onoe et al. reported the fabrication of meter-long microfibers encapsulating primary pancreatic islet cells that were transplantable to diabetic mice for the treatment of diabetes mellitus. 19 Cell-laden hydrogel microcapsules have been used as a monodisperse culture unit for 3D cell culture via cell microencapsulation technology. Specifically, microfluidic methods have been developed to create spheroidal aggregates involving multiple types of cells with controllable size and shape, due to the controllability of the diameter, inner structure (e.g., core-shell structure), and spherical morphology of the microcapsules. 15, 20, 21 The hydrogel-based spherical scaffolds containing 3D cultured cells could also be administered into a target tissue as implantable and injectable forms, increasing the usability in modern cell-based therapeutics. In addition, several schemes of 2D, freestanding, and microarchitectured hydrogel sheets have been developed over time to take advantage of long-term freestanding cell culture. Leng et al. reported a one-step tessellation of planar hydrogel sheets including two-directional patterned primary cells with precise spatiotemporal control. 22 Recently, the form of "freestanding biopaper" was expanded towards various 3D cell culture applications through layer-by-layer assembly and was demonstrated as a toolkit for biofunctional assays and cell proliferation assays. 23, 24 An artificial 3D hepatic tissue reconstruction was demonstrated by assembling cellular hydrogel biopaper modules.
More in vivo-like bioassays through hydrogel-incorporated microfluidic platforms
Several microfluidic approaches have been regarded as better methods for the functional assessment of cells in vitro in terms of micro-patterning of cells, precise control of reagents, rapidity and accuracy of assays, and easy observation of physiological characteristics between cells and the surrounding environment. Early developments in 3D cell culture systems were focused on the microfluidic formation of 3D ECM scaffolds. Kim et al. used a sheath flow to form 'Puramatrix'
(peptide hydrogel) scaffolds hydrodynamically, resulting in the 3D immobilization and encapsulation of human hepatocellular carcinoma (HepG2) cells with no additional surface treatment (Fig. 3A) . 25 They performed in situ cell-based dosedependent cytotoxicity assays according to the concentration of the toxicant, Triton X-100, based on the evaluation of the linear concentration gradients across the peptide scaffold. Lii et al. reported a pneumatic valve combined with an individually addressable array of 3D ECMs containing undifferentiated mouse embryonic stem cells to deliver reagents and exchange diffusible factors between the chambers for studying chamberto-chamber communication of diffusible factors. 26 However, these microfluidic bioassay platforms stated above are not capable of operating over physiological time frames or reconstituting the stabilized chemokine gradients needed to construct in vivo-like pathophysiological conditions. This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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To overcome this limitation, Shin et al. developed a robust and versatile microfluidic bioassay platform consisting of hydrogel-incorporating chambers between two surfaceaccessible microchannels (Fig. 3B) . 27 29 They tested and observed the spatiotemporally controlled induction of neurogenic differentiation of mouse embryonic stem cells by accurate delivery of a gradient of the morphogen retinoic acid from the gelatin-based hydrogel slab. Meanwhile, PDMS, the most commonly used polymer for simple manufacture of microfluidic devices, is unfamiliar to biologists and clinicians, and somewhat inflexible for longterm cell maintenance due to medium evaporation and metabolite adsorption. Medium evaporation leads to osmolality shifts that prevent cell growth and development, and bubble propagation within the microchannel can causes cell lysis. 30 Also, due to the hydrophobic nature of PDMS, nonspecific protein adsorption can deplete protein levels within the culture medium significantly, leading to inhibition of cell signaling. 31 To overcome these limited characteristics of PDMS as a substrate for cell culture and bioassays, various materials have recently been adopted for bioassay platforms, as destructible, cheap, and commercializable alternatives, such as thermoplastics, cyclo-olefin copolymers, and paper. Recently, thermoplastics such as polymethyl methacrylate and polystyrene have attracted attention as substitutes for PDMS in the development of more usable fabrication methods. Because polystyrene has long been used as a laboratory material for cell culture, biologists would prefer it for the thermoplastic microfluidic devices. Above all, patterned paper with well-defined channels, comprising hydrophilic paper bounded by a hydrophobic polymer, has attracted attention as a simple and inexpensive alternative. Derda et al. developed a 3D culture system, "cells-in-gels-in-paper", that uses a wax-patterned paper as a scaffold to support cell-laden hydrogels enabling the stacking of multiple layers of paper that include hydrogel slabs containing cell suspensions (Fig. 3C) . 32 Furthermore, the stacking of multiple layers of paper was also demonstrated using co-cultured fibroblasts and cardiomyocytes that were suspended in hydrogels as a 3D in vitro model for cardiac ischemia. 33 The patterned substrate with a standard 96-well format is an excellent example of a user-friendly solution for researchers in the biomedical and clinical community to design customized 3D culture and bioassay platforms.
Parallelized and automated 3D bioassays with user-friendly microfluidics
Researchers in biological research laboratories and the pharmaceutical industry have been using microfluidic devices in recent years, because they reduce costs and shorten process time in many steps of cell-based bioassays due to the miniaturization of fluidic systems. However, non-engineering researchers are currently confronted with incompatibility, because microfluidic engineers intended a multiplexed and sophisticated bioassay platform through microfluidic techniques, whereas end-users (biologists or clinicians) need a simple and convenient kit based on the conventional wellplate design and pipetting. Although conventional microfluidic devices have been applied to various types of cellbased assays via accurate control of fluids, they require complex external equipment, such as syringe pumps and pneumatic fluidic handling systems, which must be operated by highly trained personnel. Thus, these platforms have a limited capacity for widespread use outside the engineer's laboratory. To support methods compatible with existing liquiddispensing equipment in a common biological laboratory, various ideas and concepts in the field of microfluidic technology have been suggested. Integrated multiple bioreactors in a multiwell plate format, known as well-plate microfluidic devices, have been introduced to examine the chemotactic responses of leukemia cells. 34 Because the setup, operation, and detection of these well-plate microfluidic devices are compatible with conventional cell culture techniques, these modular approaches can provide simple methods for interfacing with cell cultures. Domansky et al. introduced a perfused multiwell plate containing an ECM-coated scaffold, enabling the circulation of culture medium for long-term maintenance of differentiated hepatocytes and liver sinusoidal endothelial cells according to oxygen consumption and transport. 35 The open wells, built-in micropumps, and the perfused multiwell plate facilitated the operation and integration into the conventional incubator and bioassay kit. By constructing a model of oxygen consumption and transport, the relevant operating parameters for culturing primary liver cells were predicted. A small volume of liquid can be controlled in a simple microchannel design with passive pumping that requires only pipetting, instead of syringe pumps. Meyvantsson et al.
suggested an automated cell culture microdevice based on surface tension-driven pumping with straightforward pipette operation, termed "tubeless microfluidics" (Fig. 3D) . 36 The device gives compartmentalized microfluidic cell culture arrays and thus microfluidic operations are possible through integration with existing laboratory infrastructures. This technique has been used to pattern endothelial cell-lined lumens through ECMs in various microchannel geometries for quantitative angiogenesis assays. 37 Recently, they improved fluidic
control in an open type of microchannel that uses surface tension to fill and maintain a fluid in microscale structures devoid of a ceiling and floor, known as suspended microfluidics. 38 This approach was used to create arrays of collagen membranes as an ECM, establishing horizontal microtranswells for cellular invasion and metabolomics assays. Open microfluidics with high accessibility and robustness (tubeless or suspended microfluidics) ensures high-throughput multiplexed screening assays to evaluate cell growth within 3D ECMs. According to the preferences of end-users, microfluidic researchers should improve and develop a more easily accessible and more universally applicable device. In particular, more microfluidic culture devices should be integrated with existing laboratory infrastructure, such as single or multichannel pipettes, off-the-shelf polystyrene substrates, and immunofluorescence reagents; this is desirable for a wider community of end-users. Modular microfluidics, as an approach for the construction of a microfluidic device to facilitate the customization and operation of microfluidic systems by non-experts, enables the interconnection of various microfluidic components in an easy and reliable manner. Several examples of pluggable modules include fit-to-flow world-to-chip interconnections, 39 microfluidic D-subminiature connectors, 40 and a microfluidic breadboard. 41 The key advantages of this "add-on" modular architecture are (i) portability of the culture device that can be adapted to standard cell culture laboratory procedures for frequent transfer between workstations (e.g., cell culture benches, microscopes, and incubators) and (ii) ease of use by non-engineers in biology and clinical laboratories. Another intriguing technology, termed "3D printed microfluidics", has been demonstrated in the stereolithography-based microfabrication of fully digital and intrinsically modular plastic microdevices with complex 3D microfluidic features. 42 Non-engineers can easily operate the 3D-printed user-friendly fluid automation devices, which are capable of cell-based bioassays to replace the laborious manual handling processes in current use.
Towards simple hydrogel-incorporated 3D bioassays
3D bioassay platforms with cell-containing hydrogel modules offer the promise of significant advantages over existing hydrogel-incorporated microfluidic devices, particularly longterm cell maintenance, co-culture of multiple cell types, and organization of cellular arrangements that can duplicate those in vivo. For simplicity and versatility of fabrication, culturing, manipulation, and assembly, freestanding cellcontaining hydrogel modules could provide unprecedented tools for 3D bioassays. We expect that the modular and userfriendly microfluidics will facilitate the robust assembly and simple disassembly of the PDMS microfluidic devices and cell-containing hydrogel modules in a reversible manner (Fig. 4) . Modular microfluidics, as described in the previous section, are already making an impact in terms of their technological capabilities for reversible sealing (e.g., adhesive tape-based bonding, vacuum sealing, and bonding with threaded screws). [43] [44] [45] [46] Such "detachable" microfluidic devices might be compatible with researchers who are not specialists in microfluidics. The next critical step is to increase the compatibility of 3D bioassay platforms that enable post-assay processing-such as enzyme-linked immunosorbent assay (ELISA), immunohistochemistry and Western blotting-to investigate cellular functions. Because the cell-containing hydrogel modules are mechanically stable without morphological distortion during long-term freestanding cell culture and microfluidic assays, end-users can culture heterotypic cell types to various culture stages, assemble them in microfluidic devices on demand for multiplexed assays in an in vivo-like 3D microenvironment, retrieve them from the hydrogel modules, and determine the functionality of target cells. "Simplifying" the processing in time and space is an opportunity to develop functional bioassays of 3D cultured cells that may be useful for biomedical and clinical researchers. Although hydrogel-incorporated 3D bioassay platforms open up the opportunities to address unanswered biological and clinical questions, development of analytical methods and tools remains a challenge. In microfluidic 3D cell culture systems, cells are located precisely within ECM scaffolds, thus confocal laser microscopy can be integrated with these systems straightforwardly to conduct live-cell assays. However, most of the bioassay kits are designed for 2D cell cultures, which cause difficulties with optical detection in the z-direction. Also, they depend on antibody-based biomarkers and are designed as endpoint tests for drug sensitivity and cellular functions, 6 leading to cell death due to cell fixation.
Thus, it becomes more difficult to accomplish post-assay processing to explore cellular functions, as mentioned above. Imaging technologies that can be applied for 3D cell samples include not only light scattering or confocal fluorescence detection, but also ionizing radiation, magnetic fields, and ultrasound. 47 Live-cell monitoring based on non-invasive and label-free techniques such as Raman spectroscopy is a nondestructive analytical method with increased penetration depth. 48 However, even with these constraints, hydrogelincorporated 3D bioassay platforms would benefit cell-based drug screening in terms of mimicking more closely the in vivo microenvironment and contributing multiple factors to the processes of cellular morphogenesis. 27 Hydrogel networks allow precise biomolecule delivery through the hydrogel layer, leading to a spatiotemporally controlled cellular response in stable long-term biochemical gradients. 29 This should be valuable for the study of drug interactions, determining drug candidates, and biomarker identification. Furthermore, high-throughput and fully automated 3D assays would enable multiple cellular assays and multiplexed detection, leading to more rapid evaluation of drug candidate toxicity and human metabolism and cost reductions for latestage drug failures.
Future outlook
In the future, hydrogel-incorporated 3D bioassay platforms may be used for clinical applications in ways that extend well beyond conventional 2D cell-culture systems. The advantage of rapid and accurate 3D functional cellular phenotyping with physiological relevance by recreating biological interfaces seen in vivo can determine the functional state of diverse subpopulations of target cells and can provide meaningful information for fundamental science and diagnostics. The proposed platforms may also be used for drug safety, drug discovery and toxicity testing with advances in high-throughput and multiplexed microfluidic assays. Eventually, these may decrease the research and development costs for new pharmaceuticals and increase the predictability of new drugs prior to their undergoing animal testing and clinical trials. The discussed hydrogel-incorporated 3D bioassay platforms are relatively new, and much work remains in terms of constructing physiologically relevant 3D in vivo-like microenvironments. Hydrogel-incorporated 3D microfluidic bioassays are also a promising technology for long-term cell maintenance in a 3D microenvironment and analysis of cellular function and morphology. The combination of hydrogelincorporated 3D bioassay platforms and cell-containing hydrogel modules-including microfibers, microcapsules, sheet modules and microfluidic platforms-provides unique tools to assess 3D cell maintenance and has the potential to change the paradigm for in vitro assessments of cell biofunctionality.
In summary, the rapid development of 3D microfluidic bioassay platforms and cell-containing hydrogel modules has delivered a paradigm shift in 3D cell culture and assay platforms over the past decade. Simplified and highly integrated microdevices coupled with cell-containing hydrogel Fig. 4 Combination of the 3D bioassay platforms with a user-friendly microfluidics and the cell-containing hydrogel modules for end-users in the clinical community. Various types of cells prepared in the clinical setting can be encapsulated in the freestanding cell-containing hydrogel modules such as cellular hydrogel biopapers, microfibers, and microcapsules. The use of modular and user-friendly microfluidics-including pipette-aided passive pumping, reversible bonding, interconnection with conventional 96-well plates, and a patterned paper with a well-defined channel-would facilitate the robust assembly and simple reassembly of the PDMS microfluidic devices and cell-containing hydrogel modules. After the microfluidic assay and optical detection, the hydrogel modules can be retrieved and stored at standard cell culture workstations without biological or mechanical damage. Furthermore, the encapsulated cells can be recovered from the hydrogel modules by destacking and/or dissolving in a biocompatible buffer.
modules and an automated bioassay platform in a userfriendly format would revolutionize fundamental and applied research in biological and clinical fields with interdisciplinary collaborations.
